The question of whether RNA is more stable or unstable comparing to DNA or other nucleic acids has long been an extensive scrutiny and public attention. In these days, thermodynamically-stable and degradation-resistant RNA motifs have been utilized in RNA nanotechnology to build desired architectures and integrate multiple functional groups. Here we report the effects of phosphorothioate deoxyribonucleotides (PS-DNA
Introduction
The "central dogma" states that DNA makes RNA then makes protein, and protein plays a major role in life function (Crick 1958) . However, the completion of the first human genome sequencing argued that only 1.5% of the human genome coded for protein. The other 98.5% of the human genome was believed to be a junk DNA scaffold. But more and more evidence from the subsequent studies shows that the other 98.5% of the so-called junk DNA actually code for small (Moss 2001; Calin and Croce 2006; Zhang 2009; Ghildiyal and Zamore 2009; Tiemann and Rossi 2009; Liu and Paroo 2010; Wiedenheft et al. 2012) , or long (Mercer et al. 2009; Morlando et al. 2014 ) non-coding RNAs that regulate cellular activities. It has been speculated that in addition to the two milestones of chemical and protein drugs in the history of drug development, a third milestone is predicted to be RNA as drugs or drugs targeting to RNA (Shu et al. 2014) . The versatility in RNA structures, low energy in RNA folding, and amenability in structure control provide feasibility in RNA drug development. However, the question of whether RNA is more stable or unstable comparing to DNA or other nucleic acids has long been an extensive scrutiny and public attention.
The field of RNA nanotechnology has been emerged rapidly (Guo 2010; Jasinski et al. 2017 ) since the-proof-of-concept in 1998, when it was found that RNA dimer, trimer, tetramer, and hexamer can be produced via bottom-up assembly of fabricated RNA fragments derived from the pRNA subunit of phi29 DNA packaging motor (Guo et al. 1998 ). Currently, the concept of RNA nanotechnology has been defined Jasinski et al. 2017) : RNA nanotechnology is the bottom-up self-assembly of nanometer scale RNA architectures with its major frame composed of RNA. In RNA nanoparticles, the scaffolds, ligands, therapeutics, regulators can all be composed of RNA. RNA nanotechnology is a unique field that is distinct from the classical studies on RNA structure and function, which focus on intra-RNA interactions and 2D/3D structures.
RNA nanotechnology focuses on inter-RNA interactions and quaternary (4D) structures (Guo et al. 1998; Jaeger and Leontis 2000; Jaeger et al. 2001; Chworos et al. 2004; Afonin et al. 2008; Afonin et al. 2014; Grabow and Jaeger 2014; Li et al. 2015; Sharma et al. 2015) .
Two major engineering steps have been used to construct RNA nanoparticles. The first step is the utilization of the spontaneous self-folding property of RNA into defined structures by base/base interaction. Based on the calculation of the Gibbs free energy ∆G, a variety of RNA sequences can be predicted via computational algorithms and be tested empirically based on the prediction of the secondary or tertiary structure (Gai et al. 2004; Yingling and Shapiro 2007; Afonin et al. 2010; Geary et al. 2014) . The second step is the use of the naturally-occurring RNA motifs as building blocks to assemble RNA nanoparticles based on the predicted quaternary architectures (Lundbaek and Andersen 1994; Westhof et al. 1996; Shu et al. 2004; Severcan et al. 2010; Grabow et al. 2011; Shu et al. 2011; Dibrov et al. 2011; Khisamutdinov et al. 2014; Li et al. 2016; Khisamutdinov et al. 2016 ).
Many types of RNA three-way junction and four-way junction have been found in nature (Duckett et al. 1995; Felden et al. 1996; Rettberg et al. 1999; Diamond et al. 2001; Hohng et al. 2004; Leontis et al. 2006; Lescoute and Westhof 2006; de la et al. 2009; Ouellet et al. 2010) and can be used for the fabrication of RNA nanoparticles. In particular, Cold Spring Harbor Laboratory Press on December 6, 2017 -Published by rnajournal.cshlp.org Downloaded from Xijun Piao 5 the phi29 bacteriophage DNA motor packaging RNA (pRNA) three-way junction (Fig. 1A- C) was found to efficiently self-assemble from three RNA fragments and exhibit an exceptional thermodynamic stability. RNA and DNA folding is dependent on energy landscape as described by ΔG = ΔH -TΔS. While enthalpy change (ΔH) is more relevant to heat and entropy change (ΔS) relates to the structuring, the two factors are significant in considering RNA and DNA complex production and assembly. Duplex hybridization is believed to be driven by a lower enthalpy value (Gyi et al. 1996; Rauzan et al. 2013) , however, our previous study showed pRNA 3WJ assembly was governed more by entropy change than by enthalpy change (Binzel et al. 2014) . That is, the structuring factor plays a key role in 3WJ assembly. It has been reported that the three fragments of the pRNA 3WJ co-assembled with extraordinary speed and affinity via a two-step mechanism.
The first step between 3WJ-b and 3WJ-c is highly dynamic since these two fragments only contain 8 complementary base pairs. Though enthalpy change plays an important role at this step, we believe entropy change is key to the idea of "irreversibility". More specific, formation of the 3WJ-b + 3WJ-c dimer generates a special structure with a fixed angle and two protruding sequences (Zhang et al. 2013) . Such structure is an entropically-favorable receptor for 3WJ-a which contains 17-nt complementary to the formed dimer complex. Thus, the second step occurs at a very high association rate and locks the unstable dimer into a highly stable 3WJ . Consequently, the pRNA 3WJ is more stable than any of the dimer species as shown in the much more rapid association rate and smallest dissociation rate constant, creating a more irreversible association of three strands. These findings support the claim that pRNA 3WJ assembly was governed more by entropy (Binzel et al. 2014) . Furthermore, this robust RNA 3WJ
Cold Spring Harbor Laboratory Press on December 6, 2017 -Published by rnajournal.cshlp.org Downloaded from stays intact at ultralow concentration, is resistant to a high molar urea denaturation (Shu et al. 2011) , and also remains stable under high mechanical rupture forces (Xu et al. 2017 ). In addition, substituting uridine and cytidine with their 2'-fluoro-modified counterparts further increases nanoparticle stability and prevents digestion by RNases (Layzer et al. 2004) . 2'-F modified phi29 pRNA 3WJ thus greatly enhances the thermodynamic and enzymatic stability of RNA nanoparticles and have paved the way for medical applications of RNA nanotechnology Cui et al. 2015; Zhang et al. 2017) .
Recent clinical trials of chemically-modified oligonucleotides (Burnett and Rossi 2012; Lundin et al. 2015; Khvorova and Watts 2017) and the FDA approval of a phosphorothioate-modified oligonucleotide (Stein and Castanotto 2017) clearly indicate the importance of chemical modifications in medical applications of RNA Nanotechnology.
Extensive studies have been performed on the effects of chemical modification on the thermodynamic stability (De et al. 1995; Vester and Wengel 2004; Karkare and Bhatnagar 2006) and chemical stability (Kawasaki et al. 1993; Heidenreich et al. 1994; Allerson et al. 2005 ) of duplex and triplex (Betts et al. 1995; Kaur et al. 2006; Hansen et al. 2009; Piao et al. 2013) . For example, in a DNA duplex, each 2'-methoxy-(2'-OMe-) or 2'-fluoro-(2'-F) modified nucleoside has been shown to increase the Tm by 1-2 ºC (Kawasaki et al. 1993 ). Additionally, phosphorothioate-DNA (PS-DNA), 2'-F, 2'-OMe and locked nucleic acid (LNA) have been shown to increase the rather short half-life seen in unmodified siRNAs (Shaw et al. 1991; Kawasaki et al. 1993; Elmen et al. 2005) . While few studies have been published on more complex RNA structures (e.g. RNA 3WJs), a more complete understanding of how chemically-modified oligonucleotides affect the thermal Cold Spring Harbor Laboratory Press on December 6, 2017 -Published by rnajournal.cshlp.org Downloaded from and in vivo stability of the pRNA three-way junction is essential for future clinical applications of RNA nanotechnology.
To this end, we have previously measured thermodynamic parameters for phi29 pRNA 3WJ composed of DNA, RNA, and 2'-F. However, in vitro and in vivo stability against enzymatic degradation was not discussed (Binzel et al. 2014) . We herein extend our previous efforts in 3WJ thermodynamics to two well-known nuclease-resistant oligonucleotides, PS-DNA and LNA. We assess and compare the melting temperatures of homogeneous and heterogeneous 3WJs using temperature gradient gel electrophoresis (TGGE), as well as modification-specific oligonucleotide affinity in strand displacement between single-stranded oligonucleotides and assembled 3WJs ( Fig. 1D and Fig. S1 ). In addition, we investigate the effects of chemical modifications ( Fig. 1E ) on the in vivo stability of highly thermostable phi29 pRNA 3WJ.
Results and Discussion

Melting of homogeneous 3WJs
The melting of homogeneous 3WJs was assessed on TGGE, where a linearlyincreasing temperature gradient was applied perpendicular to the electrical current. Thus, each separate lane of 3WJ sample was subjected to heating at a gradually-increased temperature across the gel. Each lane on the gel was then integrated using ImageJ, thereby producing a melting curve for each 3WJ sample. The melting temperature (Tm) was determined when 50% of the assembled 3WJs were dissociated (Binzel et al. 2014 ).
Dissociation would result in a relatively sharp transition of the band, while the gradual Cold Spring Harbor Laboratory Press on December 6, 2017 -Published by rnajournal.cshlp.org Downloaded from migration rate increase from left to right was most notably due to the swelling of gel pores at elevated temperatures.
With the exception of 3WJLNA, all other homogeneous 3WJs showed a relatively sharp increase in migration rate, suggesting the dissociation of one or two strands (Fig.   2 ). The Tms generated from TGGE at the concentration of 10 µM were calculated to be 21.2 ºC, 39.3 ºC, 58.0 ºC, and 67.5 ºC for homogeneous 3WJPS-DNA, 3WJDNA, 3WJRNA and 3WJ2'-F, respectively (Table 1) , consistent with our previous observations (Binzel et al. 2014 ). The 3WJLNA did not show a sharp transition in migration rate on the gel, indicating it did not melt at 80 ºC heating, as this is the temperature limitation of the TGGE. Clearly, the thermal stability of phi29 pRNA 3WJ, expressed as Tm, was increased by chemical modifications in the order of PS-DNA < DNA < RNA < 2'-F < LNA.
Melting of heterogeneous 3WJs
To further confirm the contribution of different chemically-modified oligonucleotides to the thermal stability of the phi29 pRNA 3WJ, TGGE assays were performed on heterogeneous 3WJs with only one variant strand. The 3WJ-c was labeled with 32 P for tracking the dissociation of the 3WJ. The resulting gels were stained by EtBr first to evaluate the melting of overall hybrid 3WJ structure before phosphorimaging. Assembly of the hybrid 3WJs was confirmed through a stepwise assembly gel with monomer and dimer controls. Phosphorimaging clearly showed the dissociation of 3WJ-cPS-DNA, 3WJ-cDNA, 3WJ-cRNA, and 3WJ-c2'-F from each hybrid 3WJ at 34.4 ºC, 51.3 ºC, 62.2 ºC and 67.5 ºC, respectively (Table 1 ). The 3WJ-cLNA strand still did not yield a transition below 80 ºC (Fig. 3F-J) . This further confirms the order of the stabilizing effect (PS-DNA < DNA < RNA < 2'-F < LNA) of the five oligonucleotides within phi29 pRNA 3WJ. Surprisingly, EtBr imaging displayed only one clear melting transition with a Tm around 64.5 -67.5 ºC for all hybrid 3WJs except for the LNA hybrid 3WJ (Fig. 3A-E) , even including PS-DNA and DNA hybrid 3WJs in which the 3WJ-c had a much lower Tm. The difference in these results could be due to the similar mobility of the 3WJ-a2'-F + 3WJ-b2'-F dimer and the hybrid 3WJ2'-F/PS-DNA or 3WJ2'-F/DNA on 12 % native PAGE (Fig. S2) . In this case, the only Tm derived from migration was from the melting of 3WJ-a2'-F + 3WJ-b2'-F dimer (Fig. S3) . However, phosphorimaging provided a confident marker to assay the dissociation of the labeled strand. This led to the elucidation of a distinctive two-step dissociation for PS-DNA and DNA hybrid 3WJs through the combination of the EtBr and phosphorimaging of the gels. On the other hand, 3WJ-cRNA dissociated from RNA hybrid 3WJ was seen only slightly before the melting of 3WJ-a2'-F + 3WJ-b2'-F dimer, indicating RNA and 2'-F had a similar contribution to the thermal stability of 3WJ. Such a small difference in Tm would easily be omitted by other assays, demonstrating the advantage of TGGE in monitoring the exact behavior of a specific component in a multiple-stranded system and distinguishing small difference of melting temperatures. The melting curve of individual 3WJ-c2'-F was nearly identical to the overall melting of 3WJ2'-F, suggestive of a cooperative melting of homogeneous 3WJ due to the close affinities of three 2'-F strands.
LNA hybrid 3WJ exhibited 20% to 30% dissociation based on the melting of individual 3WJ-cLNA or the overall 3WJ on the gel, suggestive of a Tm higher than 80 ºC.
Strand displacement assay by chemically-modified replacement strands
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The strand displacement of pre-assembled pRNA 3WJ by individual chemicallymodified replacement strands was assessed to examine the variance in strand affinity over the competitor 3WJ strand. To investigate the strand displacement between different single-stranded oligonucleotide and assembled 3WJs, 32 P-labeled 3WJ-cDNA, 3WJ-cRNA, 3WJ-c2'-F and 3WJ-cLNA were incubated with assembled non-labeled homogeneous 3WJDNA, 3WJRNA, 3WJ2'-F, and 3WJLNA at 37 ºC for 3 hours, respectively. PS-DNA was not included in this study because the Tms of 3WJPS-DNA and 3WJ-cPS-DNA in its hybrid 3WJ
were lower than 37 ºC, limiting its potential for in vivo applications.
As expected, 3WJ-cLNA was able to completely displace 3WJ-cDNA and 3WJ-cRNA from their homogeneous 3WJs, with partial displacement of the 3WJ-c2'-F on the 3WJ2'-F.
The 3WJ-c2'-F also displayed strong thermodynamic stability and was able to fully displace 3WJ-cDNA and 3WJ-cRNA from their homogeneous 3WJs, and to partially displace 3WJ-c2'-F within the 3WJ2'-F. In contrast, no 3WJ-cLNA from the 3WJLNA was displaced by 3WJ-c2'-F, demonstrating the higher stabilization of the 3WJ composed of LNA and affinity of LNA over 2'-F to the remaining two strands on the 3WJ. Continuing the same stability trends seen in the TGGE studies, 3WJ-cRNA demonstrated replacement in the 3WJDNA, partially for the 3WJRNA, and weakly for the 3WJ2'-F; that is, a decreasing displacement yield from 3WJDNA to 3WJ2'-F. Again, the 3WJLNA was not vulnerable to such strand displacement and replacement. Finally, each of the 3WJs was resistant to 3WJ-cDNA displacement with the exception of the 3WJDNA (Fig. 4) . The strand displacement results clearly show that LNA has the strongest stabilizing effect among the four different oligonucleotides, while DNA has the weakest. The displacement profiles for 2'-F and RNA are similar, but RNA replaces a smaller percentage of the competitor strand compared to 2'-F for 3WJDNA and
3WJRNA. This may indicate the difference of stabilizing effect for these two oligonucleotides is not as dramatic between RNA/DNA or LNA/2'-F, with RNA slightly less than 2'-F. These data are consistent with the melting of homogeneous 3WJs, as Tm difference between 3WJ2'-F to 3WJRNA is smaller than that of 3WJRNA to 3WJDNA and 3WJLNA to 3WJ2'-F. This is also evidenced by the difference in Tms of different 3WJ-c strands in hybrid 3WJs, as the Tm difference between 3WJ-c2'-F and 3WJ-cRNA is the smallest among all c strands in hybrid 3WJs (Table 1) . Overall, the strand displacement results are consistent with the melting data, and further confirm the stabilizing trend of these oligonucleotides to the pRNA 3WJ was DNA < RNA < 2'-F < LNA.
In vitro characterization of LNA/2'-F hybrid 3WJs
The exceptional stabilizing effect of LNA led to characterization of the 3WJLNA further through more in depth thermodynamic analysis to gain a better understanding of the melting temperature of LNA modified 3WJs. As Tm is concentration dependent, we attempted to measure Tm for the 3WJLNA at lowered concentrations, however, its Tm still remained above 95 ºC even at lowest concentration detectable. This rendered the accurate Tm measurement difficult. Thus, we studied heat denaturation of 32 P-labeled LNA/2'-F hybrid 3WJs at a low concentration of 16 nM in the presence of 50-fold excess non-radiolabeled competitors to prevent renaturation. Even at this lowered concentration, homogeneous 3WJLNA was found to be resistant to heat denaturation at 95 ºC for at least 5 minutes, as only about 16% of 32 P-labeled 3WJ-cLNA was displaced by the excess nonradiolabeled 3WJ-cLNA. In order to examine a melting temperature, a series of 3WJLNA/2'-F hybrids were created, and it was found decreasing the LNA content resulted in a lowered Cold Spring Harbor Laboratory Press on December 6, 2017 -Published by rnajournal.cshlp.org Downloaded from Tm. Consequently, a 2/3 3WJLNA (3WJ-a2'-F + 3WJ-bLNA + 3WJ-cLNA) appeared vulnerable to heat denaturation with 50-fold excess competitors (Fig. 5A-B) , but still did not display a melting profile below 80 ºC by TGGE analysis. Further reduction of the ratio of LNA in 3WJ to 1/3 (3WJ-a2'-F + 3WJ-b2'-F + 3WJ-cLNA) led to a sharp drop of Tm to 74 ºC, while the 3WJ2'-F at 16 nm melted at 57 ºC. Despite of distinctive melting temperatures, all four LNA/2'-F hybrid 3WJs showed similar apparent equilibrium dissociation constants in the low nanomolar range ( Table 2 ). The high melting temperatures of homogeneous and heterogeneous LNA 3WJs led us to select them for resistance against denaturing reagents. Like the heat denaturation experiment, these two 3WJs (3WJLNA and 2/3 3WJLNA) were found resistant to 8 M urea at 37 ºC in an assay in the presence of 100-fold excess competitors (Fig. 5C ). Taken together, the high Tm, low Kd and resistance to 8 M urea suggest the high thermodynamic stability of LNA modified 3WJs.
To further evaluate the potential application of LNA/2'-F hybrid 3WJs for in vivo applications, we investigated their stabilities in 50% of fetal bovine serum, mimicking the in vivo serum concentrations. Serum stability of the 3WJs was assayed by electrophoretic analysis of RNA nanoparticles incubated in the serum over varying time points. Increasing the ratio of LNA content in hybrid 3WJs resulted in dramatic improved stability of 3WJs.
Incorporation of one LNA strand extended the half-life of homogeneous 3WJ2'-F from 7.7 to 16.6 hours. The 2/3 3WJLNA and homogeneous 3WJLNA exhibited similar half-lives of above 48 hours assayed in these studies (Fig. 5D) . Overall, these finding led us to the conclusion that LNA 3WJs were found superiorly thermodynamically stable and resistant to serum degradation overcoming the two major hurdles commonly seen in other Cold Spring Harbor Laboratory Press on December 6, 2017 -Published by rnajournal.cshlp.org Downloaded from nanotechnology platforms, thus providing promise in use for in vivo drug carrier applications.
In vivo stability of LNA/2'-F 3WJs and urine assay upon IV injection
As a drug delivery platform, RNA nanoparticles usually integrate multiple functional modules, including cancer cell-targeting motif, signal-reporting group and therapeutic reagent. High thermodynamic stability and strong resistance to degradation are thus desired to keep RNA nanoparticles intact and remain it as an all-in-one carrier of necessary modules. To assess the in vivo stability of LNA/2'-F 3WJs, intravenous injections of fluorescent 2/3 3WJLNA (3WJ-aLNA + 3WJ-bLNA + 3WJ-c2'-F labeled with Alexa647) and homogeneous 3WJ2'-F (3WJ-a2'-F + 3WJ-b2'-F + 3WJ-c2'-F labeled with Alexa647) were performed in BALB/c mice. Whole body imaging (Fig. S4 ) displayed rapid biodistribution of the nanoparticles throughout the mice with a rapid clearance of about 40% of nanoparticles within first hour by urinary excretion, similar to the study of antisense oligonucleotides (Zhang et al. 1995) . In order to examine the stability of the 3WJs in vivo, urine samples were collected from the mice during this period of rapid clearance. Analysis of collected urine by native PAGE showed the majority of homogeneous 3WJ2'-F was degraded within the first one hour. This result is not surprising, as similar chemicallymodified oligonucleotides were reported to be mostly degraded to products with lower molecular weights, via urine assays, though the oligonucleotides absorbed into body tissues were shown to remain stable at 6 hours (Agrawal et al. 1995) . Most strikingly, no significant degradation of 2/3 LNA hybrid 3WJ was observed within the first hour compared to the injected samples, and about 20% of 2/3 LNA hybrid 3WJ was still found Cold Spring Harbor Laboratory Press on December 6, 2017 -Published by rnajournal.cshlp.org Downloaded from to be intact after urine excretion at 3 hours (Fig. 6) , suggestive of the super resistance of LNA 3WJ to in vivo degradation. In vitro incubation of both 3WJ samples in mouse urine further confirmed these results as no degradation was examined. While it cannot be concluded if the 2'-F RNA nanoparticles were degraded during blood circulation or within the urine excretion, it can be concluded that a high percentage of the LNA modified 3WJ samples were able to remain stable throughout the entirety of the in vivo studies. Thus, it is very exciting to find out that 3WJLNA is significantly more resistant to in vivo degradation and it can potentially improve drug delivery efficiency as it survives longer in vivo and may have a larger chance to deliver intact nanoparticles to the targets.
Conclusion
Studies on strand displacement, heat dissociation, chemical denaturation, serum assay, in vivo trial, as well as melting of homogeneous and hybrid complex lead to a conclusion that the order of stabilizing effect of five different chemically-modified oligonucleotides for phi29 pRNA 3WJ is PS-DNA < DNA < RNA < 2'-F < LNA. The thermal stability of phi29 pRNA 3WJ can be easily tuned by incorporating varying oligonucleotides, resulting in a wide range of Tms from 21.2 ºC to over 95 ºC. Incorporation of LNA into 3WJ would greatly protect it from rapid in vivo degradation, solving the instability problem of RNA nanoparticles. The exceptional stabilizing effect of LNA to phi29 pRNA 3WJ may be helpful to overcome pharmaceutical formulation difficulty, increase drug delivery efficacy and render RNA nanotechnology clinically practical.
Cold
Materials and Methods
DNA oligonucleotides and phosphorothioate-DNA strands were purchased from Integrated DNA Technologies. RNA strands, 2'-F U/C-substituted RNA strands (2'-F) and LNA U/C-substituted RNA strands (LNA) were synthesized on AZCO DNA synthesizer using standard phosphoramidite chemistry with doubled coupling and oxidation time for LNA phosphoroamidtes. RNA and 2'-F phosphoroamidites were purchased from Bioautomation and LNA phosphoroamidites were purchased from Exiqon. Other chemicals for oligonucleotide synthesis were obtained from Novabiochem and used without further purification. All gels were scanned on Typhoon FLA 7000 (GE). The temperature gradient gel electrophoresis (TGGE) system was from Biometra. 
Assembly of 3WJs
Assembly of 3WJs was performed by mixing equimolar molarity of corresponding strands in TMS buffer (50 mM TRIS pH = 8.0, 100 mM NaCl, 10 mM MgCl2 unless otherwise specified) and annealed at 85 °C for 5 minutes followed by slow cooling to 4 °C over about 40 minutes. The 3WJ formations were confirmed on a 15% native PAGE in TBM running buffer (89 mM Tris, 200 mM boric acid, and 5 mM MgCl2) ran at 120 V at 4 °C for 90 min. Gels were stained with ethidium bromide (EtBr).
Temperature Gradient Gel Electrophoresis (TGGE)
All assembled 3WJ samples were ran on 12% native PAGE in TMS buffer for 1 hour at 100 V. The 3WJ-c was 5' end radiolabeled using gamma-32 P ATP (PerkinElmer) in the hybrid 3WJs. To compare the dissociation of 3WJ, 3WJ-c (monomer) and 3WJ-a + 3WJ-c (dimer) were used as control samples. The concentration of each sample was 10 µM in the experiments. Gels were stained with EtBr and scanned prior to being dried and imaged by phosphorimaging. The concentration of each sample was 16 nM in the characterization of LNA/2'-F hybrid 3WJs and gels were only imaged by phosphorimaging.
All gel images were analyzed by ImageJ. All samples were repeated at least three times.
Strand displacement
Pre-assembled homogeneous 3WJs of different oligonucleotides were mixed with 32 P-labeled 3WJ-cLNA, 3WJ-c2'-F, 3WJ-cRNA and 3WJ-cDNA, respectively. The final concentration of 3WJs and 32 P-labeled 3WJ-c were 3 µM in 9 µL. All samples were incubated at 37 °C for 3 hours followed by 12% Native PAGE separation at 110 V for 100 minutes at 4 °C. The gels were stained by EtBr and visualized on Typhoon scanner prior to being dried and imaged by phosphorimaging. 
Resistance to heat denaturation
LNA/2'-F hybrid 3WJs were assembled in TMS buffer and the concentration of 3WJ is 16 nM. The 3WJ-cLNA was 5' end labeled using gamma-32 P ATP in the formed 3WJ. LNA 3WJ was mixed with non-radiolabeled 3WJ-cLNA over a range of concentrations from 0 to 800 nM (0 to 50 equivalents). The mixed samples were heated at 95 °C for 5 minutes and cooled to 4 °C quickly followed by resolving on 12% native PAGE in TBM buffer. Control samples were 3WJ-cLNA (monomer), 3WJ-cLNA + 3WJ-aLNA (dimer) and 3WJ-cLNA + 3WJ-aLNA + 3WJ-bLNA (trimer, 3WJ) without heat denaturation. The 3WJ-cLNA was radiolabeled in the control samples. Gels were exposed to phosphoroimaging screen overnight and visualized on Typhoon scanner. All samples were repeated at least three times.
Resistance to 8 M urea denaturation
LNA/2'-F hybrid 3WJs were assembled in TMS buffer and the 3WJ-cLNA was 5' end labeled using gamma-32 P ATP in the formed 3WJ. The 3WJ samples were mixed Cold Spring Harbor Laboratory Press on December 6, 2017 -Published by rnajournal.cshlp.org Downloaded from with non-radiolabeled 3WJ-cLNA over a range of concentrations from 0 to 1600 nM (0 to 100 equivalents). All 3WJ samples were mixed with 12 M urea to give a final concentration of 16 nM and the urea concentration was 8 M. The mixed samples were incubated at 37 °C for 30 minutes prior to 8 M urea denaturing gel analysis. Gels were exposed to phosphoroimaging screen overnight and visualized on Typhoon scanner. All samples were repeated at least three times.
Stability against 50% serum
LNA/2'-F hybrid 3WJs were assembled in TMS buffer and mixed with FBS. The final concentrations of 3WJ samples were 1 µM and FBS were 50%. Samples were incubated at 37 °C for a maximum of 48 hours. Samples were taken out of thermocycler and stored at -80 °C until analysis on 15% native PAGE. Gels were ran at 4 °C under the voltage of 110 V for 90 minutes and stained with EtBr.
In vivo stability 3WJs were assembled in PBS buffer and the 3WJ-c2'-F was labeled with Alexa647. 100 µL of 20 µM assembled 3WJs were injected into BALB/c mice and the urine was completely collected. The urine samples were resolved on 15% native PAGE. Gels were ran at 100 V for 100 minutes at 4 °C. The gels were stained by EtBr and scanned under both Alexa647 channel and EtBr channel. 
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